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Summary 19 
Although chemosynthetic ecosystems are known to support diverse assemblages of 20 
microorganisms, the ecological and environmental factors that structure microbial eukaryotes 21 
(heterotrophic protists and fungi) are poorly characterized. In this study, we examined the 22 
geographic, geochemical and ecological factors that influence microbial eukaryotic composition 23 
and distribution patterns within Hydrate Ridge, a methane seep ecosystem off the coast of 24 
Oregon using a combination of high-throughput 18S rRNA tag sequencing (iTAG), terminal 25 
restriction fragment length polymorphism fingerprinting (T-RFLP) and cloning and sequencing 26 
of full-length 18S rRNA genes. Microbial eukaryotic composition and diversity varied as a 27 
function of substrate (carbonate vs. sediment), activity (low activity vs. active seep sites), sulfide 28 
concentration, and region (North vs. South Hydrate Ridge). Sulfide concentration was correlated 29 
with changes in microbial eukaryotic composition and richness. This work also revealed the 30 
influence of oxygen content in the overlying water column and water depth on microbial 31 
eukaryotic composition and diversity and identified distinct patterns from those previously 32 
observed for bacteria, archaea and macrofauna in methane seep ecosystems. Characterizing the 33 
structure of microbial eukaryotic communities in response to environmental variability is a key 34 
step towards understanding if and how microbial eukaryotes influence seep ecosystem structure 35 
and function. 36 
37 
A
cc
ep
te
d 
A
rti
cl
e
3 
This article is protected by copyright. All rights reserved. 
Introduction 38 
Methane seeps are common to most of the world’s continental margins and play an 39 
important role in the global carbon cycle (German et al., 2011). Subsurface frozen hydrates are 40 
earth's largest methane reservoir, estimated at 500–2500 Gt of carbon (Milkov 2004). 41 
Chemosynthetic microbes within seep sediments act as a biological filter, providing an important 42 
control mechanism on flux of methane from the sediments into the water column (Valentine et 43 
al., 200l; Sommer et al., 2006). Therefore, any process that influences community composition, 44 
abundance, or methane utilization rates of these chemosynthetic prokaryotes in seeps not only 45 
affects the efficiency of this biological filter, but also impacts overall ecosystem structure and 46 
function. While extensive research has characterized the bacterial, archaeal, and metazoan 47 
communities living at methane seeps (e.g., Levin, 2005; Orphan et al., 2001; Knittel and Boetius, 48 
2009; Cordes et al., 2010; Valentine, 2011, Ruff et al., 2015), studies on microbial eukaryotes 49 
are rare. In pelagic ecosystems, microbial eukaryotes are the primary consumers of 50 
phytoplankton, heterotrophic bacteria and archaea (Sherr and Sherr, 1994; 2000), utilizing more 51 
than two-thirds of ocean primary productivity (Calbet and Landry, 2004). In addition, they serve 52 
as important trophic links in transferring carbon between the microbial food web and the 53 
metazoan food web (Sherr and Sherr, 1988; 1994). However, the ecological roles of microbial 54 
eukaryotes are poorly understood for methane seep ecosystems. 55 
Microbial eukaryotes have only started to be recognized as integral components of 56 
reducing habitats. Molecular surveys of suboxic and anoxic waters (Behnke et al., 2006; 57 
Edgcomb et al., 2011c; Wylezich and Jurgens, 2011), hydrothermal vents (Edgcomb et al., 2002; 58 
López-García et al., 2007; Coyne et al 2013), and methane seeps (Takishita et al., 2007; 2010) 59 
have revealed a great diversity of microbial eukaryotes and in some instances evidence of novel 60 A
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lineages and endemism. Preliminary evidence also suggests that microbial eukaryotes are 61 
involved in food web interactions within reducing ecosystems (Murase et al., 2006; Murase and 62 
Frenzel, 2008; Anderson et al. 2012; 2013). Additionally, symbiotic interactions (Edgcomb et 63 
al., 2011a, b) and grazing (Sherr and Sherr, 1994; 2002) are likely to have significant impacts on 64 
bacterial and archaeal community structure and carbon and nitrogen cycling, but remain largely 65 
unexplored in deep-sea chemosynthetic ecosystems.  66 
Identifying the ecological and environmental factors that structure microbial eukaryotic 67 
communities in methane seeps is therefore important for characterizing ecosystem function as 68 
well as the ecology of these unique habitats. Environmental heterogeneity in seeps can be found 69 
at scales ranging from centimeters to kilometers due to variability in fluid flow, geochemistry, 70 
and associated fauna and seep location along continental margins (Cordes et al., 2009). Within 71 
seep sediments, the rates and magnitude of methane flux, as well as the distributions and 72 
activities of methane-consuming archaea and sulfate-reducing bacteria, vary vertically and with 73 
distance away from active seep sites (Sahling et al., 2002, Treude et al., 2003, Levin et al., 74 
2003). Such variability greatly influences pore water geochemistry and creates heterogeneity at 75 
the smallest scales (micrometers to tens of centimeters) (Treude et al., 2003; Orphan et al., 2004; 76 
Gieskes et al., 2005). Distinct biogenic habitats (e.g., clam beds, microbial mats and carbonate 77 
rocks) form within meters of one another in response to this small-scale variability in 78 
geochemistry and microbial activity and create an additional scale of heterogeneity within seep 79 
ecosystems (Levin 2005; Cordes et al., 2009).  80 
Certain seeps, such as Hydrate Ridge (HR) along the Cascadia Margin, are situated where 81 
permanently low oxygen conditions overlay the seafloor. Here the oxygen minimum zone 82 
(OMZ) extends from approximately 650 to 1100 m water depth, reaching the lowest oxygen 83 A
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levels around 800 m (Helly and Levin, 2004). Therefore, the southern extent of HR (800 m; 84 
called South HR) is located within the OMZ with oxygen concentrations typically less than 0.5 85 
ml l
-1
 with reports as low as 0.2 ml l
-1
, while the northern extent of HR (North HR; 590 m) is 86 
located just outside the OMZ with oxygen concentrations ranging from 0.5-0.8 ml l
-1
 (Levin et 87 
al., 2010).  In this location, oxygen in waters overlying the seabed creates another scale of 88 
heterogeneity that may influence microbial eukaryotic community composition and diversity 89 
between seep regions (e.g., kilometer-scale variability).  90 
The range of environmental conditions at HR has made it a ‘natural laboratory’ for 91 
extensive research that has explored the biology and geochemistry of seep systems (Boetius and 92 
Suess, 2004). It is thus an ideal site in which to integrate microbial eukaryotes into our 93 
understanding of seep ecology. Previous work at HR and other methane seeps has shown that the 94 
distributions, abundances, and diversities of meiofaunal and macrofaunal metazoans are 95 
influenced by all of the scales of heterogeneity described above (Montagna et al., 1989; Dando et 96 
al., 1991; Sahling et al., 2002; Levin, 2005; Cordes et al., 2009; Levin et al., 2010; Guillini et 97 
al., 2012).  98 
Here we characterize the microbial eukaryotic community across these scales of 99 
environmental heterogeneity at HR (i.e., centimeter-scale within habitat variability, meter-scale 100 
between habitat variability and kilometer-scale regional variability) using a combination of 101 
molecular methods: massively-parallel high-throughput tag sequencing targeting the V9 102 
hypervariable region of the 18S ribosomal RNA (rRNA) gene (iTAG), terminal restriction 103 
fragment length polymorphism (T-RFLP) fingerprinting, and cloning and sequencing of full-104 
length 18S rRNA genes. The goal of this study is to go beyond the characterization of protistan 105 
diversity in seep environments and to examine the geographic, geochemical and ecological 106 A
cc
ep
te
d 
A
rti
cl
e
6 
This article is protected by copyright. All rights reserved. 
factors that influence microbial eukaryotic composition and distribution patterns within seep 107 
habitats. We test the hypotheses that (1) microbial eukaryotic communities associated with active 108 
seeps are more similar to one another than those from sites with lower methane flux (i.e., low 109 
activity sites), (2) the composition and diversity of sediment-hosted microbial eukaryotes varies 110 
in relation to sulfide gradients, and (3) that these patterns may vary regionally as a result of 111 
differences in water depth and/or oxygen concentration of the overlying water between North 112 
and South HR.  113 
 114 
Results 115 
Environmental characteristics 116 
Depth profiles for all push cores were analyzed for concentrations of sulfide (HS
-
) and 117 
sulfate (SO4
2-
). HS
-
 and SO4
2-
 profiles in the sediments underlying microbial mats were different 118 
than the profiles under clam beds (Fig. 2). In general, the pore water profiles were characteristic 119 
of their respective habitat types (Sahling et al., 2002, Treude et al., 2003, Orphan et al., 2004, 120 
Gieskes et al., 2005), with rapid SO4
2-
 depletion at shallower depths in microbial mat cores 121 
relative to cores from the bioturbated clam beds. However, variability was observed within like-122 
type habitats. For example, HS
-
 concentrations were 2 to 2.5 times greater in microbial mat cores 123 
from South HR (average 0-3 cm = 10.9 ± 5.6 mM, average 3-6 cm = 17.6 ± 1.6 mM, and average 124 
6-9 cm 19.0 ± 2.8 mM) compared to North HR (average 0-3 cm = 4.3 ± 1.5 mM, average 3-6 cm 125 
= 7.1 ± 5.7 mM and average 6-9 cm = 7.6 ± 4.5 mM). HS
-
 concentrations within the clam cores, 126 
however, were not significantly different between North and South HR. The off-seep inactive 127 
cores had a distinct profile compared to the active seep cores, with pore water HS
-
 remaining 128 
below detectable limits while SO4
2-
 was approximate 25 mM throughout the upper 9 cm (Fig. 2).  129 A
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 130 
Community composition and diversity estimates based on 18S rRNA gene clone libraries 131 
Our three clone libraries, one from each depth in a microbial mat core collected from 132 
North HR, were composed predominantly of protistan sequences (92%, 83% and 82% in the 0-3, 133 
3-6 and 6-9 cm depth horizons, respectively). Metazoans comprised approximately 10% of the 134 
libraries across all depths, while fungi contributed a greater proportion with increasing sediment 135 
depth (1% at 0-3 cm, 7% at 3-6 cm and 12% at 6-9 cm). A total of 46, 24 and 20 protistan OTUs 136 
were identified in the clone libraries from 0-3, 3-6 and 6-9 cm sediment depths, respectively. 137 
Ciliates made up 90, 50 and 72% of the protistan taxa in the three libraries (0-3 cm, 3-6 cm and 138 
6-cm, respectively), with lower proportions of other protistan groups (Fig. S2). Apicomplexa, 139 
Dinoflagellata, Stramenopiles, Cercozoa, Amoebozoa and Excavata (superphylum Discoba) 140 
were among the other protistan lineages recovered from our clone library sequences. Cercozoa 141 
and Apicomplexa comprised a greater proportion of the protistan community in the 3-6 cm clone 142 
library (20 and 15%, respectively) than the 0-3 cm library (2 and 1.2%, respectively), and were 143 
entirely absent from the 6-9 cm library. Amoebozoa made up approximately 10% of the protistan 144 
community in the 3-6 and 6-9 cm depth horizons, but were absent at 0-3 cm depth.  145 
Given the large percentage of ciliate sequences in our clone libraries, we chose to focus 146 
predominantly on this group. Sequences were identified from six previously recognized ciliate 147 
classes (Adl et al. 2005) as well as a novel clade of deep-sea ciliates (Takishita et al., 2010) and 148 
the recently described class Cariacotrichea (Orsi et al., 2012a) (Fig. 3). Ciliates from the 149 
Spirotrichea were found only in the in 0-3 cm sediment horizon (Fig. 4A). The novel clade of 150 
deep-sea ciliates comprised a significant portion of the community in the 0-3 cm (53 %) and 3-6 151 
cm (38 %) sediment horizons, but only comprised 10% of the community in the 6-9 cm horizon 152 A
cc
ep
te
d 
A
rti
cl
e
8 
This article is protected by copyright. All rights reserved. 
(Fig. 4A). Ciliates from Plagiopylea were found only in the upper six centimeters of the 153 
sediment, whereas Cariacotrichea increased in relative abundance with increasing sediment 154 
depth (Fig. 4A). Ciliates from Litostomatea, Armophorea and Oligohymenophorea were most 155 
abundant at 6-9 cm depth.  156 
 157 
Community composition patterns based on high-throughput 18S rRNA gene sequencing   158 
 High-throughput sequencing identified a total of 3,492,014 reads of which 3,048,275 159 
were high quality (Table S1). Contribution from metazoan sequences varied greatly across the 160 
samples, ranging from 1%-90% of the sequence total and decreasing generally with increasing 161 
sediment depth. Fungal sequences made up a small fraction (0.001% to 0.2%) of the iTAG 162 
libraries. After filtering out non-target sequences (e.g., bacteria, archaea, and metazoans), we 163 
identified 189,126 quality V9 sequences for microbial eukaryotes (including fungi).  164 
 Microbial eukaryotic communities were differentiated by substrate type (Fig. 5 and 165 
Table 1; ANOSIM p = 0.001, global R = 0.4) and seep activity (ANOSIM p = 0.001, global R = 166 
0.3) when all sediment and carbonate samples were considered together. Carbonates were only 167 
examined in the iTAG data set and were differentiated by activity (Table 1; ANOSIM p = 0.04, 168 
R = 0.3). Further examination of just the sediment habitats (microbial mats, clam beds and low 169 
activity sediments) indicated significant effects of region (ANOSIM p = 0.01, global R = 0.2) in 170 
addition to activity (ANOSIM p = 0.001, global R = 0.5) and habitat type (ANOSIM p = 0.001, 171 
global R = 0.2) on microbial eukaryotic composition (Fig. 6A and Table 1). Pairwise 172 
comparisons between habitat types showed that while microbial mat and clam bed cores had 173 
significantly different communities from low activity sediments (p mat, ref = 0.001, p clam, ref = 174 
0.004), the microbial mat and clam bed microbial eukaryotic communities were not significantly 175 A
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different from one another (p mat, clam = 0.4). Microbial eukaryotic communities were 176 
differentiated by depth when considering all sediment habitats collectively (ANOSIMS p = 0.01, 177 
global R = 0.2). Microbial eukaryotic communities were differentiated by sulfide concentration 178 
(Fig. 6A) when considering all sediments (ANOSIM p = 0.001, global R = 0.4), active sediments 179 
(ANOSIM p = 0.009, global R = 0.3) and microbial mat sediments (ANOSIM p = 0.001, global 180 
R = 0.5). While sulfide was not observed to be a significant factor for microbial eukaryotes in 181 
clam bed sediments, pairwise comparisons did reveal that microbial eukaryotic communities 182 
living at low sulfide concentrations (less than 3 mM) were significantly different from those 183 
communities living at high sulfide concentrations (greater that 9 mM) (p-values ranging from 184 
0.03-0.05). While the data shown in Figs. 5 and 6 and the ANOSIM results in Table 1 are 185 
derived from the iTAG-L4 data set (for best comparison with T-RFLP data), the patterns were 186 
consistent in the iTAG-OTU data set as well (Table S3, Fig. S3).  187 
The relative abundances of microbial eukaryotic classes varied across all the samples 188 
(Fig. 7, Fig. S4). OTU richness within each class also varied, but most taxonomic classes had 1-3 189 
OTUs (Fig. S5). Groups with the highest relative abundances (and OTU richness) in the iTAG 190 
library included Bacilliarophyta, Dinophyta, Filosa-Thecofilosa, Polycystina and Apicomplexa 191 
(Fig. S4). Most members of these groups either contain some sort of shell (test or theca) and/or 192 
are known to be spore formers. We address the implications of this in terms of DNA surveys 193 
(e.g., PCR and sequencing biases, copy number of ribosomal genes) in the discussion and 194 
supplemental material. We identified the microbial eukaryotic groups that contributed the most 195 
to differences in composition between substrate type and activity using SIMPER (Fig. 7). Fungi 196 
(Basidomycota and Ascomycota) and Foraminifera (Rotaliida and monothalamids) contributed 197 
to the differences in composition between carbonates and sediments, with all groups having 198 A
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higher relative abundances on carbonates (SIMPER and Fig. 7). OTU richness within the 199 
observed fungal and foraminiferal groups was also higher on carbonates compared to sediments 200 
(Fig. S5). Foraminifera (Rotaliida and monothalamids) also contributed to differences between 201 
active and low activity sediments, having greater relative abundances (and higher OTU richness) 202 
in low activity sediments (SIMPER, Fig. 7, Fig. S5). The relative abundance of protists within 203 
the Phylums Cercozoa and Amoebozoa varied between substrates. Cercozoa within the Novel 204 
Clade-12 had higher relative abundances in sediments compared to carbonates, regardless of 205 
activity. However, Cercozoa within the Chlorarachnea had higher abundances on carbonates 206 
compared to sediments (SIMPER and Fig. 7). Although having low overall abundances, 207 
Amoebozoa (both Breviatea and Lobosa) had higher relative abundances in sediments compared 208 
to carbonates, regardless of activity. Within the sediments, however, Breviatea had higher 209 
relative abundances in active sediments, whereas Lobosa had higher relative abundances in 210 
inactive sediments (SIMPER and Fig. 7).  211 
Ciliates also contributed to the variability between sample groups. Ciliates within the 212 
classes Armophorea and Cariacotrichea had higher abundance in active sediments relative to 213 
active carbonates (SIMPER and Fig. 7). Within sediment habitats, most ciliate classes (with the 214 
exception of Heterotrichea, Prostomatea, and Plagiopylea) had higher relative abundances in 215 
active sediments compared to inactive sediments. Similarly, ciliates had higher relative 216 
abundances on active carbonates (with the exception of Prostomatea and Heterotrichea) 217 
compared to inactive carbonates. Within the ciliate classes, Oligohymenophorea, Spirotrichea, 218 
and Litostomatea had the greatest OTU richness across all samples (Fig. S5). 219 
SIMPER analysis also revealed that ciliates contributed the most to differences in 220 
microbial eukaryotic composition at different sulfide concentrations. Therefore, we analyzed the 221 A
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relative abundance of different ciliate groups in relationship to sulfide concentration (Fig. 4B). 222 
Some ciliate classes, including Plagiopylea and Prostomatea, exhibited highest abundances at 223 
low sulfide levels and decreased in relative abundances with increasing sulfide concentrations. 224 
Other classes, including the Armophorea, Cariacotrichea and Litostomatea, exhibited a different 225 
pattern, with highest abundances at mid-sulfide levels (9-12 mM). Oligohymenophorea had a 226 
similar pattern, but had highest abundances around 12-15 mM of sulfide. It is important to note 227 
that iTAG sequences that fell into the novel seep clade (as determined by placing this subset of 228 
short reads onto the tree), as well as the sequences belonging this clade recovered by Takishita et 229 
al. (2010) were assigned to the class Colpodea in the PR2 database. Colpodea relative abundance 230 
exhibited two peaks – one at low sulfide levels and another around 12-15 mM of sulfide.  231 
 232 
Community composition patterns of microbial eukaryotes based on T-RFLP 233 
The relationships between microbial eukaryotic community composition and 234 
environmental variables in the T-RFLP data were almost identical to the patterns observed with 235 
the iTAG-L4 data set (Fig. 6; Table 1). When comparing microbial eukaryotic communities 236 
across all sediments, we observed significant effects were found for region, activity and habitat 237 
type (Fig. 6). As in the iTAG-L4 data set, microbial eukaryotic composition was also influenced 238 
by sediment depth and sulfide concentration when considering all sediments (Fig. 6, Table 1). 239 
   240 
Diversity patterns of microbial eukaryotes  241 
Richness (S) and Shannon Diversity (H’) varied within and across each habitat type 242 
(Tables 2 and 3) as well as regionally (North vs. South HR). While absolute richness numbers 243 
were biased by the data set (i.e., T-RFLP, iTAG-L4 and iTAG-OTU), the patterns within each 244 A
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data set likely reflect real changes in diversity in response to environmental variability. On 245 
average, we observed higher microbial eukaryotic diversity (richness and H’) in South HR across 246 
all habitats and all sample sets (with the exception of clam beds and carbonates from the iTAG-247 
OTU data set; Tables 2 and 3). We also observed generally higher diversity in low activity 248 
sediments, relative to active sediments (Table 2), as well as higher diversity on low activity 249 
relative to active carbonates (Table 3). At the class level, there was no difference in the richness 250 
of microbial eukaryotes on active carbonates relative to active sediments. However, active 251 
carbonates had lower OTU richness than active sediments, particularly at South HR. Richness in 252 
the sediments was negatively correlated with sulfide concentration (Fig. 8), but the relationship 253 
was strongest when the data were separated by region (e.g., HR North and HR South). 254 
 255 
Discussion 256 
In this study, we combined several molecular approaches to explore how microbial 257 
eukaryotic community composition and diversity vary in relationship to environmental factors 258 
within methane seep ecosystems. T-RFLP, a high throughput, but low resolution fingerprinting 259 
method, remains a cost effective way to examine a large number of samples (Dorst et al., 2014). 260 
The 18S rRNA gene clone libraries, created from three depths in a representative microbial mat 261 
core, provided valuable contextual information for interpreting our T-RFLP data as well as full-262 
length 18S sequences for further phylogenetic comparisons within the Phylum Ciliophora. 263 
Massively parallel high-throughput tag sequencing, although lower taxonomic resolution than 264 
full-length sequencing, enabled us to obtain more extensive data for the entire sample set, while 265 
still yielding some taxonomic information (conservatively class level). This type of sequencing 266 
approach has been successfully applied to explore microbial eukaryotes in other types of 267 A
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environments (e.g., Amaral-Zettler et al., 2009, 2014; Stoeck et al., 2009; Edgcomb et al., 268 
2011c) and unlike the T-RFLP data, this type of data provided us the ability to explore the 269 
distribution patterns of different groups of microbial eukaryotes, particularly ciliates. Our results 270 
are consistent with other recent studies that show high-throughput sequencing approaches do, in 271 
fact, reveal the same broad patterns as fingerprinting approaches (Pilloni et al., 2012; Dorst et 272 
al., 2014). Therefore, while we observe some differences between methodologies (discussed 273 
below as relevant), we focus our discussion on understanding how and why different scales of 274 
habitat heterogeneity structure the microbial eukaryotic communities of methane seep 275 
ecosystems, rather than a comparison of molecular approaches. However, it is important to 276 
acknowledge that interpreting 18S rRNA surveys in terms of relative abundance and diversity 277 
estimates can be problematic because of different copy numbers of SSU rRNA genes between 278 
taxa (Medinger et al., 2010; Gong et al., 2015), extraction methods (Santos et al., 2015), PCR 279 
biases (e.g., primer biases, preferential amplification of some taxa) (Medinger et al., 2010; 280 
Stoeck et al., 2010; 2014; Adl et al., 2014), sequencing errors (Lee et al., 2012; Kunin et al., 281 
2013), and amplification of remnant DNA (e.g., e-DNA; Lorenz and Wackernagel 1987, 282 
Pawlowski et al., 2011) (see supplemental material for a more detailed discussion of these 283 
sequencing biases). Acknowledging these biases, and in order to minimize their influence on 284 
interpreting our data, we focus our discussion on specific taxa across environmental gradients. 285 
This tends to be a more conservative interpretation than directly comparing multiple taxa within 286 
a sample where SSU rRNA gene copy number as well as PCR and sequencing biases can more 287 
greatly influence the apparent trends (Trembath-Reichert et al., unpublished). Additionally, our 288 
whole-community observations in iTAG are well-supported by complementary the TRFLP 289 
technique (Fig. 6). 290 A
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We hypothesized that microbial eukaryotic communities associated with active seep sites 291 
are more similar to one another than those from sites with lower methane flux (i.e., low activity 292 
sites). We showed that microbial eukaryotic communities in active seep environments were 293 
distinct from those communities in adjacent low activity habitats (Figs. 5 and 6). This finding is 294 
consistent with the discovery of novel species and lineages from previous molecular surveys of 295 
active seep sediments (Takishita et al., 2007; 2010) as well as from other reducing habitats (e.g., 296 
Stoeck et al., 2003; López-García et al., 2007; Behnke et al., 2010; Edgcomb et al., 2009; Orsi et 297 
al., 2011). However, unlike we hypothesized, all active habitats did not have the same 298 
composition of microbial eukaryotes. Active seep sediments (microbial mats and clam beds) 299 
hosted a different community from active carbonates suggesting that substrate, not just activity, 300 
plays an important role in structuring microbial eukaryotic communities within seep 301 
environments (Fig. 5). This observation is consistent with the recent finding that bacterial 302 
assemblages at Hydrate Ridge are also strongly influence by substrate type (Marlow et al., 303 
2014). Although interestingly, archaeal assemblages appear to be influenced more by activity 304 
than by substrate (Marlow et al., 2014). We did observe variations in the composition and 305 
diversity of sediment-hosted microbial eukaryotes in relationship to sulfide concentration. 306 
However, because steep geochemical gradients vary vertically within the sediments (Fig. 2), we 307 
also found a significant relationship between microbial eukaryotic composition and sediment 308 
depth. The lack of depth as a factor influencing community composition when inactive sediments 309 
and clam beds were considered separately supports the notion that strong biogeochemical 310 
gradients in active sediments (the strongest of which are often observed in microbial mats), not 311 
just sediment depth, influenced microbial eukaryotic distribution and composition. And finally, 312 
as we hypothesized, microbial eukaryotic composition and diversity patterns did vary regionally. 313 A
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By integrating our observations across all of this spatial heterogeneity found at Hydrate Ridge, 314 
we can now begin to hypothesize about the combinations of ecological and environmental 315 
factors that are operating to structure microbial eukaryotic communities within seep ecosystems.  316 
 317 
Environmental factors influencing microbial eukaryotic community structure and diversity 318 
patterns within methane seep ecosystems  319 
Based on a synthesis of our observations, we hypothesize that geochemical tolerances as 320 
well as chemosynthetic production rates and/or prey availability play significant roles in 321 
structuring microbial eukaryotic composition at smaller spatial scales within methane seeps 322 
(centimeters to meters). However, the input of surface-derived particulate organic carbon and 323 
oxygen levels in the overlying water column also appear to play an important role in structuring 324 
microbial eukaryotic communities, and may be responsible for differences in microbial 325 
eukaryotic composition and richness between seeps in different regions (i.e., kilometer-scale 326 
variability). 327 
The different biogenic habitats (e.g., clam beds, microbial mats and carbonates) that 328 
occur at Hydrate Ridge as a result of variations in fluid flux and microbial activity (Tryon and 329 
Brown, 2001; Sahling et al., 2002; Levin et al., 2003, 2010) have been shown to influence 330 
metazoan macrofaunal community composition (e.g., polychaetes, snails) (Sahling et al., 2002; 331 
Levin et al., 2010, Levin et al., 2015). It has been hypothesized that macrofaunal communities 332 
benefit from the increased structural complexity as well as higher oxygen concentrations (and 333 
lower sulfide levels) associated with clam beds (Levin et al., 2010). Interestingly, we were not 334 
able to distinguish between the microbial eukaryotic communities associated with clam beds and 335 
microbial mats, nor did we observe any significant difference in diversity (richness and Shannon 336 A
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diversity) between these two habitats. A recent study by Guilini et al. (2012) also found that 337 
metazoan meiofaunal communities (particularly nematodes) associated with microbial mats and 338 
clam beds were not distinguishable from one another. Together, these studies suggest that 339 
metazoan meiofauna and microbial eukaryotes are not affected in the same way by these habitat 340 
features as metazoan macrofauna, perhaps reflecting their different sensitivities or requirements 341 
for oxygen and sulfide. However, we are not able to rule out the possible influences of structural 342 
complexity associated with clams on microbial eukaryotic community composition (or 343 
diversity), because we only sampled the sediments. Microbial eukaryotes attached to clam shells 344 
are likely different than those dwelling in the sediments and may add to the overall diversity of 345 
microbial eukaryotes in this habitat.  346 
Notably, we did observe a difference in the composition of microbial eukaryotes 347 
associated with carbonates compared to sediments (e.g., foraminifera and fungi had higher 348 
abundances on carbonates). However, there was no difference in the richness of microbial 349 
eukaryotes at the class level on carbonates relative to sediments. On the other hand, active 350 
carbonates had lower OTU richness than active sediments, particularly at South HR. These 351 
microbial eukaryotic patterns differ for metazoan macrofauna as well as bacteria and archaea. At 352 
Costa Rican seep sites, macrofauna had considerably higher diversity on active carbonates 353 
relative to active sediments and low activity carbonates (Levin et al., 2015). At Hydrate Ridge 354 
active carbonates have been observed to host active and unique bacterial and archaeal 355 
communities (Marlow et al., 2014a, b) that are more diverse than sediment-hosted communities 356 
(Case et al., 2015). While we were able to identify some differences in microbial eukaryotic 357 
communities living on carbonates, the use of hard substrates as habitat for microbial eukaryotes 358 
in seeps requires further investigation. 359 A
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Variations in sulfide, methane and oxygen have all been shown to affect distributions and 360 
compositions of microbial eukaryotic communities in other types of reducing habitats (Orsi et 361 
al., 2011, 2012b; Edgcomb et al., 2011c; Wylezich and Jurgens, 2011; Behnke et al., 2006). 362 
These patterns may be related to varying tolerances to high sulfide and/or low oxygen 363 
concentrations or the ability of some microbial eukaryotic species to form symbiotic associations 364 
(Edgcomb et al., 2011a, b). However, at seeps pore water sulfide concentrations are not only 365 
correlated with numerous other chemical compounds (e.g., sulfate, methane), but also with a 366 
variety of microbial processes (e.g., sulfate-dependent anaerobic oxidation of methane, AOM; 367 
Boetius et al., 2000; Orphan et al., 2001; Treude et al., 2003). Therefore, while sulfide 368 
concentration was correlated with shifts in microbial eukaryotic community composition and 369 
diversity, other factors such as the rates and distributions of chemosynthetic production may play 370 
a larger role than currently recognized in shaping microbial eukaryotic communities within these 371 
reducing environments.  372 
Very little is known about the food sources for protists in deep-sea methane seeps. While 373 
some microbial eukaryotes may utilize symbionts for energy (Buck et al., 2000; Edgcomb et al., 374 
2011a, b), many are likely to be microaerophilic or anaerobic phagotrophs (Fenchel and Finlay 375 
1990a, 1995). Although some anaerobic ciliates are predatory and can feed on smaller flagellates 376 
and ciliates, most protists in these habitats are probably bacterivorous (Fenchel et al., 1990). 377 
Theoretical models suggest that the ratio between predator and prey biomass is proportional to 378 
gross growth efficiency (GGE) of the predator (Kerr, 1974; Platt and Denman, 1977). Aerobic 379 
protists, at least in the pelagic realm, are thought to have gross growth efficiencies ranging from 380 
30-40% (Straile, 1997). Gross growth efficiencies of anaerobic protists, on the other hand, are 381 
approximately one quarter (GGE ≈ 10%) of those for aerobes (Fenchel and Finlay, 1990a). This 382 A
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suggests, and is supported by empirical data (summarized in Fenchel and Finlay, 1990a), that 383 
predator-prey biomass ratios in anaerobic environments must be significantly lower (~25 %) than 384 
those in aerobic environments. Therefore, food availability likely plays a critical role in 385 
structuring microbial eukaryotic communities in deep-sea methane seep ecosystems.  386 
The relative abundance patterns of ciliates in relationship to sulfide concentration from 387 
our study can provide some insight into the importance of food availability to microbial 388 
eukaryotic communities. The vertical distributions of AOM, sulfate reduction (SR) and the 389 
microbial consortia mediating AOM have been well characterized at HR (e.g., Treude et al., 390 
2003). Subsurface production peaks for both SR and AOM coincide with the sulfate-methane 391 
transition zone (sulfate levels ~10-15 mM) and the abundance peak for microbial consortia is 392 
usually just above these production peaks. As sulfate and sulfide are often inversely related in 393 
seep sediments (this study; Sommer et al., 2006, Orphan et al., 2004), these production peaks 394 
correspond to a sulfide level of ~10-12 mM. The observed relative abundance peaks of several 395 
groups of ciliates including the Oligohymenophorea, Armophorea, Litosomatea and 396 
Cariacotrichea within this sulfide range is consistent with the hypothesis that these organisms are 397 
responding to areas of high productivity and high concentrations of prey. The ecologies of some 398 
of the different ciliate groups are discussed in more detail in the section below. Direct 399 
measurements of grazing or predator-prey biomass ratios are lacking for protists at seeps, but 400 
there is some evidence to support the notion that protists actively graze on seep-associated 401 
prokaryotes in both aerobic and anaerobic sediments (Werne et al., 2002).  402 
While abundance distributions of microbial eukaryotes tend to follow biogeochemical 403 
gradients in seep sediments, similarities in depth-integrated sulfate reduction and methane 404 
oxidation rates (Treude et al., 2003) might explain why clam beds and microbial mats can 405 A
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support similar overall microbial eukaryotic communities despite distinctly different sulfide and 406 
oxygen profiles. Microaerophilic protists are known to tolerate prolonged exposure to anoxia and 407 
are able to survive on fermentative metabolism (Fenchel and Finlay, 1995; Finlay et al., 1986), 408 
and many anaerobes have adaptive responses to cope with periodic exposure to oxygen (Fenchel 409 
and Finlay, 1990b, Fenchel and Finlay, 1991). Therefore, protists able to tolerate steep, but 410 
fluctuating redox gradients, may gain a competitive advantage over other protists by living in 411 
areas of high food concentration and microbial activity.  412 
The input of surface-derived production into seep habitats could be an additional factor 413 
influencing protistan composition regionally and is thought to play an important role in diversity 414 
patterns in the deep sea. Diversities of foraminifera and metazoan macrofauana have been 415 
observed to increase with increasing depth and decreasing particulate organic carbon (POC) flux 416 
(Gooday et al., 2001; Levin et al., 2001). Chemosynthetic habitats are generally thought to be the 417 
exception to this rule as a result of in situ chemosynthetic production. Animal communities in 418 
chemosynthetic habitats can exhibit lower diversity, but higher dominance (and densities) 419 
relative to the surrounding deep sea (Dando et al., 1994; Sahling et al., 2002). However, water 420 
depth can influence whether or not seep macrofauna form dense and distinct assemblages 421 
relative to non-seep habitats (reviewed in Levin 2005). At deeper depths, inputs of 422 
photosynthetically-derived carbon are reduced, creating a greater reliance of these communities 423 
on chemosynthetic production (Levin and Michener, 2002, Levin and Mendoza, 2007). 424 
Therefore, we might expect that low activity sediments would have higher diversity of microbial 425 
eukaryotes than active sediments, with regional variability as a result of differences in water 426 
depth between North and South HR. In South HR, microbial eukaryotic diversity was higher in 427 
low activity sediments compared to active sediments for the upper 0-3 cm horizon (t-test p-value 428 A
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= 0.04; Table 2), a pattern that is consistent with a recent survey of Guaymas Basin vent 429 
sediments (~2000 m; Coyne et al., 2013). For North HR, on the other hand, we observed no 430 
significant difference in diversity between low activity and active sites. As North HR is 431 
shallower than both South HR and Guaymas Basin, this regional diversity difference is 432 
consistent with the food flux hypothesis, with additional surface-derived POC input to the 433 
seafloor in North HR leading to reduced microbial eukaryotic diversity in low activity sediments. 434 
The patchy nature of organic matter fluxes (Gooday, 2002) would also be consistent with the 435 
enhanced variability in diversity among North HR low activity sites.  436 
Oxygen adds another level of complexity because South HR is located within the OMZ, 437 
but more comparative studies between seep regions at different depths and with different oxygen 438 
conditions are needed. Our observations are consistent with previous studies showing that 439 
microbial eukaryotes exhibit higher diversity in low oxygen systems (Behnke et al., 2006, 2010; 440 
Forster et al., 2012) compared to the surrounding oxygenated habitats. These patterns differ from 441 
those of foraminifera as well as macro- and megafauna which exhibit decreased richness in low 442 
oxygen habitats (Levin et al., 2001; Levin, 2003; Gooday et al., 2009, 2010). Both reduced 443 
inputs of surface production and low oxygen would act to increase microbial eukaryotic diversity 444 
at South HR, consistent with what we observed.  445 
 446 
Ecology of Microbial Eukaryotes at Hydrate Ridge   447 
Ciliates were the dominant sequences recovered in clone libraries from three different 448 
depths of a microbial mat (Fig. S2). This finding is consistent with previous studies of protistan 449 
communities in microbial mats from deep-sea methane seeps (Takishita et al., 2010) as well as 450 
the suboxic waters and anoxic sediments from other habitats, including an anoxic basin 451 A
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(Edgcomb et al., 2011c), hydrothermal vent (Coyne et al., 2013), salt marsh (Stoeck and Epstein, 452 
2003) and anoxic fjord (Behnke et al., 2010). These sequence-based results are also supported by 453 
independent microscopy surveys of a methane seep in Monterey Bay, showing a high abundance 454 
of ciliates in active seep sediments relative to the surrounding deep sea sediments (Buck and 455 
Barry, 1998). It is important to note that ciliates were not the most abundant group of organisms 456 
in the iTAG data. However, this is likely an artifact of deep-sequencing detecting remnant DNA 457 
from organisms originating from the photic zone that are no longer viable in seep sediments 458 
(e.g., e-DNA; Pawlowski et al., 2011) and/or primer differences (Stoeck et al., 2010; 2014) (see 459 
supplemental material for a more detailed discussion).  460 
 Sequences were identified from eleven described ciliate classes, and their distributions in 461 
relationship to depth and sulfide (from both the clone library and iTAG data) are not only 462 
consistent between data sets, but are also consistent with what is known about their ecologies 463 
from similar habitats (Fig. 4). For example, Plagiopyleans are either anaerobic or 464 
microaerophilic, known to live in or above sulfide-containing sediments, and thought to feed 465 
predominantly on sulfur-oxidizing bacteria (Fenchel, 1968; Schulz et al., 1990; Lynn, 2008). 466 
Therefore, the higher abundance of Plagiopylean ciliates in low to moderate sulfide ranges and 467 
their decrease in abundance with increasing sulfide (and decreasing oxygen) is likely related to 468 
availability of their sulfur-oxidizing prey. The greater abundance of two other ciliate groups, the 469 
Armophorea and Litostomatea, within high sulfide sediments (9-12 mM) is likely related to a 470 
combination of food availability as well as their ability to adapt to an anoxic lifestyle. 471 
Armophorea (e.g., Caenomorpha), while globally distributed, are physiologically restricted to 472 
anoxic habitats (Lynn, 2008) and have been reported to have slow growth rates and require high 473 
concentrations of bacterial prey for survival (Guhl and Finlay 1993). Haptorians, a group of 474 A
cc
ep
te
d 
A
rti
cl
e
22 
This article is protected by copyright. All rights reserved. 
ciliates within the Litostomatea, are also often reported from anoxic sediments (Guhl et al., 475 
1996; Madoni and Sartore, 2003) and are known to feed on other protists (flagellates and ciliates) 476 
and even small metazoans (reviewed in Lynn, 2008). Oligohymenophoreans exhibited high 477 
relative abundances across all sulfide levels, but peaked at the highest sulfide levels (12-15 mM). 478 
Scutiocociliates, the dominant group within the Oligohymenophoreans, are typically 479 
microphagus bacterivores that live at or below the oxycline (Fenchel et al., 1990). However, 480 
these ciliates are also often the first to become associated with sinking detritus on which bacteria 481 
are growing (Silver et al., 1984). Therefore, the high overall abundance and OTU richness of 482 
Oligohymenophoreans in the present sediment samples may reflect both active seep-associated 483 
ciliates as well as exogenous organisms attached to sinking particles from the water column.  484 
A portion of the ciliate diversity we observed occurred within clades found only in other 485 
reducing ecosystems (Figs. 3, 4). A number of sequences from all three clone libraries as well as 486 
sequences from the iTAG data fell into the recently described Novel Seep Clade (Takishita et al., 487 
2010). This clade is comprised only of sequences from other anoxic environments, including 488 
microbial mat surface sediments from other seep habitats as well as hydrothermal vents (Buck et 489 
al., 2009; Takishita et al., 2010; Coyne et al., 2013). Determining whether this clade represents a 490 
new class or falls within the Colpodea is beyond the scope of this study. However, Colpodeans 491 
are known to form cysts (Lynn, 2008; Weiss et al., 2013). Therefore, if species within this clade 492 
exhibit the same strategies as other Colpodean ciliates, these organisms may be well suited to 493 
handle the ephemeral nature of deep-sea seeps. Sequences for Cariacotrichea, another new class 494 
of ciliates, were most abundant at higher sulfide concentrations (~9-15 mM). This group is 495 
thought to contain species restricted to anoxic marine environments, such as the Cariaco Basin 496 
(Orsi et al., 2011; 2012a). Perhaps this group has adaptations that give it a competitive advantage 497 A
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in anoxic, highly sulfidic environments such as seep sediments and responds to high levels of 498 
prey much like the Armophorea and Litostomatea.  499 
Other groups of protists that exhibited variability in response to the environmental 500 
heterogeneity at seeps include the Cercozoa, Foraminifera and Amoebozoa. Within the 501 
Cercozoa, Novel Clade 12 is thought to be a marine clade and sequences belonging to this clade 502 
have been exclusively found at low oxygen and/or deep-sea sites (Bass et al., 2009). The higher 503 
abundance of this clade in the sediments relative to carbonates may be related to its optimal 504 
growth conditions. However, other Cercozoan clades appear to have different habitat 505 
preferences. The sequences we recovered from the Chlorarachnea all belonged the LC104-506 
lineage, which was first recovered from the Lost City hydrothermal vent carbonates (Lopez-507 
Garcia et al., 2007). Strong habitat preferences among different clades within the Cercozoa at 508 
seeps are likely related to the diverse morphologies (e.g., gliding zooflagellates and filose 509 
amoebae) exhibited within this Phylum (Bass and Cavalier-Smith, 2004; Howe et al., 2011). 510 
Within the Amoebozoa, Breviatea is a more recently established class (Cavalier-Smith et al., 511 
2004) that contains putatively anaerobic organisms. Aside from Mastigamoeba invertens, 512 
sequences in this group have only been recovered from environmental DNA sequencing 513 
(Dawson and Pace 2002; Cavalier-Smith et al., 2004). The higher abundance of Breviatea in 514 
active sediments, particularly microbial mats, is consistent with an anaerobic lifestyle. Benthic 515 
foraminifera are one of the most abundant and diverse groups of protists in deep-sea sediments 516 
(Lecroq et al. 2011; Todo et al., 2005). However, the cosmopolitan nature of foraminifera 517 
suggests this group of organisms is not endemic to seeps (e.g., Rathburn et al., 2000; Burkett et 518 
al., 2014). While the foraminifera, particularly the monothalamids, were abundant and diverse in 519 
low activity sediments and carbonates, they were almost entirely absent from active seep 520 A
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sediments during our study. Characterizing the structure of microbial eukaryotic communities in 521 
response to varying environmental conditions and relating microbial eukaryotic ecologies to their 522 
distributions are key steps towards understanding how microbial eukaryotes influence seep 523 
ecosystem function, but more comparative studies, coupled to in situ experimentation, are 524 
needed. 525 
 526 
Experimental Procedures 527 
 528 
Sample collection and pore-water analyses 529 
Samples were collected from North HR (44
o
 40’ N, 125o 06’ W; 590 m) and South HR 530 
(44
o
 34’ N, 125o 09’ W; 800 m) offshore of Newport OR, USA during R/V Atlantis cruise 18-10 531 
(29 August-9 September 2011) using the ROV JASON. Push cores were used to collect sediment 532 
from clam beds (n=4; 3 from North HR, 1 from South HR), white microbial mats (n=5; 2 from 533 
North HR, 3 from South HR) and low activity sediment habitats (n=3; 2 from North HR, 1 from 534 
South HR; Fig. 1). Carbonates were also collected from active (n=10) and low activity reference 535 
(n=8) sites (15 from North HR; 3 from South HR; Fig. 1). Low activity sites refer to areas 536 
adjacent to active seeps that lack diagnostic indicators of significant activity (e.g., bubbling, 537 
visible mats). At sea, carbonates were subsampled immediately after collection. Sediment cores 538 
were sectioned into 3-cm intervals (0-3, 3-6 and 6-9 cm) as described in Orphan et al. (2004), 539 
and sub-samples were taken directly from each fraction for molecular analyses of the microbial 540 
eukaryotic community (18S rRNA gene clone libraries, T-RFLP fingerprinting and iTAG 541 
sequencing) and geochemistry. Sub-samples for molecular work were frozen immediately and 542 
maintained at -80
°
C until further processing in the laboratory. Pore waters used for the analysis 543 A
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of dissolved hydrogen sulfide (HS
-
) were collected using rhizons (Rhizosphere Research 544 
Products) from the same cores in which the microbial eukaryotic community was examined. 545 
Sediment from each depth interval was scooped into 15-mL centrifuge tubes. Acid-washed 546 
rhizons were then inserted into the sediment, and the entire set-up was kept at 4
°
C under 547 
anaerobic conditions (mylar bags with Ar or N2 headspace) for approximately 24 hr. 200 µl of 548 
the extracted pore water was then added to 200 µl of 0.5 M zinc acetate and stored at room 549 
temperature until measured using a colorimetric assay (Cline 1969). Dissolved sulfate (SO4
2-
), 550 
concentrations were determined using pore waters from paired cores collected adjacent to the 551 
cores in which the microbial eukaryotic communities were examined. Pore waters were squeezed 552 
from each 3-cm sediment interval using a pressurized gas sediment Reeburgh-style squeezer (KC 553 
Denmark A/S; Reeburgh 1967), and samples were collected into attached air-tight 60-ml 554 
disposable syringes. Sulfate concentrations were obtained by ion chromatography (Dionex DX-555 
100). 556 
 557 
DNA extraction and PCR amplification for 18S rRNA clone libraries and T-RFLP  558 
In the laboratory, DNA was extracted from each sediment horizon using a Power Soil 559 
DNA Extraction Kit (MO BIO Laboratories, Carlsbad, CA). For clone libraries and T-RFLP, 560 
full-length eukaryotic 18S rRNA genes (optimally 1800 bp) were amplified using the general 561 
eukaryotic primers MoonA (ACCTGGTTGATCCTGCCAG) and MoonB 562 
(TGATCCTTCYGCAGGTTCAC) (Moon-van der Staay et al., 2000; Takishita et al., 2010). 563 
PCR reagents were mixed at the following final concentrations: 0.5 µM of each primer, 1X PCR 564 
buffer (New England BioLabs, Inc), 1.5 mM MgCl2 (NEB), 0.25 mM dNTPs (NEB), 2.5 U of 565 
Taq (NEB), and 50 ng of DNA template. The PCR thermal protocol (modified from Medlin et 566 A
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al., 1988) was 1 min at 95
°
C followed by 35 cycles of: 30 sec at 95
°
C (denaturation), 30 sec at 567 
57
°
C (annealing), and 2 min at 72
°
C (extension), with a final elongation step of 7 min at 72
°
C 568 
and a final holding of 4
°
C. The amplicons were visualized on a 1% agarose gel.  569 
 570 
Clone library construction, phylogenetic analysis and in-silico digestion 571 
A microbial mat core from North HR was used for clone library construction in order to 572 
characterize the eukaryotic community based on the full-length 18S rRNA gene. Amplicons 573 
were cloned using the TOPO TA cloning kit according to the instructions of the manufacturer 574 
(Life Technologies, CA). 192, 96 and 96 clones were picked from the 0-3, 3-6 and 6-9 cm 575 
horizons, respectively. Screening for the libraries was conducted by restriction fragment length 576 
polymorphism (RFLP) analysis on M13F- and M13R-amplfied products using both HaeIII and 577 
BstUI restriction enzymes (NEB). Unique clones were identified from their restriction pattern 578 
and amplicons were purified using a MultiScreen Plate (EMD Millipore). 96, 61 and 21 unique 579 
amplicons from 0-3, 3-6 and 6-9 cm horizons were sent for sequencing. Inserts were sequenced 580 
bi-directionally by Laragen (Culver City, CA) using an AB3730XL instrument with internal T3 581 
and T7 primers. Sequences were manually trimmed and edited in Sequencher (Gene Codes 582 
Coporation, MI). Contigs were assembled when possible, otherwise partial sequences (~900 bp) 583 
were used for further analysis. The sequences were checked for chimeras using UCHIME 584 
(www.drive5.com). Sequences were aligned to a reference alignment using the SILVA 585 
Incremental Aligner (SINA) (Pruesse 2012). BLAST (Altschul 1990) was used to determine the 586 
coarse phylogenetic identity of each 18S rRNA ribotype (e.g., protistan, metazoan, or fungi), and 587 
the relative proportion of each type of clone within each library was estimated from their RFLP 588 
patterns. In order to quantify how diversity estimates based on 18S rRNA gene sequencing 589 A
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compared to T-RFLP diversity estimates, in silico digestion was performed on each OTU within 590 
the clone libraries using HaeIII (GG’CC) and BstUI (CG’CG) restriction enzymes. Sequences 591 
were aligned to a reference alignment using the SILVA Incremental Aligner (SINA) (Pruesse 592 
2012). BLAST (Altschul 1990) was used to determine the coarse phylogenetic identity of each 593 
18S rRNA ribotype (e.g., protistan, metazoan, or fungi), and the relative proportion of each type 594 
of clone within each library was estimated from their RFLP patterns. After removal of potential 595 
chimeras, archaeal, fungal and metazoan sequences, the remaining protistan sequences were 596 
imported into the ARB software package (http://www.arb-home.de/) and incorporated into the 597 
existing eukaryotic tree (SILVA SSU database release 111) using the parsimony add tool 598 
(Ludwig et al., 2004). The protistan lineages in this version of SILVA have been reconciled with 599 
the recommendations outlined in Adl et al., (2005) and further improved by the most recent 600 
recommendations from the ISOP committee in Adl et al. (2012). Sequences were grouped into 601 
operational taxonomic units (OTUs) based on 98% sequence similarity. The phylogenetic 602 
identity of the non-ciliate protistan sequences was determined based on their placement on the 603 
reference tree. A maximum likelihood phylogeny of ciliate sequences was constructed using 604 
RAxML 7.2.8 (Stamatakis, 2006) with 1000 rapid bootstrap inferences and GTRGAMMA rate 605 
approximation. Sequences of protistan OTUs obtained from this study have been deposited in 606 
GenBank with accession numbers KT346251 to KT346331. 607 
 608 
Transcription Fragment Length Polymorphism (T-RFLP) fingerprinting and data analysis 609 
To characterize the microbial eukaryotic community using T-RFLP fingerprinting, each 610 
sediment sample was extracted and amplified in replicate (34 samples from 12 cores x 3 depth 611 
horizons, except that 2 cores did not have a 6-9 cm depth horizon) using the same PCR primers 612 A
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as used for clone library construction. Carbonate samples were excluded from T-RFLP analysis 613 
(see supplemental material for additional details). Following the first PCR amplification 614 
(described above), 5 µL of the original PCR product was amplified in a 25 µl PCR reaction with 615 
PuReTaq Ready-To-Go PCR beads (GE Healthcare). For this, we used the same primers as in 616 
the original PCR, but the MoonA primer was modified with a 6-FAM fluorescent dye on the 5’ 617 
end. PCR was performed using the same thermal cycling protocol as the original PCR, but run 618 
for 15-20 cycles to obtain approximately 125 ng of DNA (quantified on a gel using a 1 kb ladder, 619 
New England BioLabs). The PCR product was digested with both HaeIII and BstUI. Restriction 620 
enzymes for this study were chosen based on in silico digestion of publically available protistan 621 
sequences from similar environments to provide a combination of phylogenetic resolution and 622 
fragment lengths that were within the range of fragments analyzed using the ABI sequencer. 623 
Fragment analysis was done by Laragen (Culver City, CA) using an AB3730XL. Additional 624 
details for the fragment analysis, data processing and quality control are provided in 625 
supplemental material.  626 
 627 
PCR amplification and Illumina massively-parallel, high-throughput tag sequencing (iTAG) 628 
The same DNA extracts used for T-RFLP were used for iTAG sequencing. To 629 
characterize the eukaryotic community based on short-read, high-throughput sequencing of the 630 
18S rRNA gene, the V9 region was amplified using 1391F (5’-GTACACACCGCCCGTC-3’) 631 
(Lane 1991) and EukB (5’-TGATCCTTCTGCAGGTTCACCTAC-3’) (Medlin et al., 1988) 632 
(resulting in ~150 bp amplicons. The 1391F primer is a highly conserved universal primer (e.g., 633 
potential for amplifying non-eukaryotic organisms; Stock et al., 2009), as opposed to the 634 
Amaral-Zettler et al. (2009) primer which was designed specifically to avoid amplification of 635 A
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eukaryotic sequences but also misses some higher-taxon prokaryote groups. We applied the 636 
1391F primer because the depth of Illumina sequencing allowed us to filter out eukaryotic 637 
sequences and still retain a robust dataset.  While the V9 18S rRNA hypervariable region alone 638 
does not discriminate at the species level (Stoeck et al., 2010, Amaral-Zettler 2013), the V9 639 
region allows for a relatively unbiased broad comparison of eukaryotic diversity in 640 
underexplored habitats.  641 
We followed the Earth Microbiome Project (EMP; Gilbert et al., 2011) recommended 642 
protocol (Caporaso et al., 2011, 2012), but implemented the Illumina 2-step PCR method for 643 
amplification (www.illumina.com). Primers were modified with Illumina adaptors in the first 644 
PCR step (Fig. S1) and barcoded indices (P5/P7 indices; Fig. S1) were added during the second 645 
PCR step in order to minimize PCR bias by employing long primers over many cycles (Berry et 646 
al., 2011). The PCR protocol for V9 amplification employed an initial activation step at 95 °C 647 
for 2 min, followed by 30 cycles consisting of 95 °C for 30 s, 57 °C for 30 s, and 72 °C for 90 648 
sec; and a final 10-min extension at 72 °C. For the second PCR step, 5 μL of the amplicon 649 
product from the first PCR was used as template in a 10 cycle, 25 μL reconditioning reaction 650 
with the same PCR conditions, but using the barcoded primers. The same 34 sediment samples 651 
that were used for T-RFLP analysis as well as 13 carbonate samples were amplified in duplicate. 652 
After all PCR reactions were completed, duplicate barcoded products were pooled and quantified 653 
with a Qubit fluorometer (Thermo Fisher Scientific). Barcoded amplicons were mixed together 654 
in equimolar amounts and purified in bulk through a QIAquick PCR Purification kit (Qiagen). 655 
All PCR steps, amplification success and purity were checked by gel electrophoresis.  656 
Paired-end 2x250 basepair sequencing was performed at Laragen, Inc (Los Angeles, CA) 657 
on an Illumina MiSeq platform. At Laragen, the raw data were demultiplexed and sequences that 658 A
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had >1 basepair mismatch on the 12-basepair barcode were removed. The sequence data are 659 
available in the Sequence Read Archive under accession number SRP061572. The sequences 660 
were processed in-house using QIIME1.8.0 (Caporaso et al., 2010) according to the protocol 661 
outlined in Mason et al. (2015), with modifications related to OTU binning and taxonomy 662 
assignments. After initial quality control steps (e.g., assembly, trimming and chimera checking), 663 
5 sediment samples (4 of which were from the 6-9 cm horizon in microbial mats) and 1 664 
carbonate sample were removed from further analyses due to poor read recovery. Sequences 665 
from the remaining samples were used to pick de novo operational taxonomic units (OTUs) at 666 
98% similarity. Singleton OTUs were removed from the data set and the default QIIME1.8.0 667 
algorithm for taxonomic assignments was used against representative sequences from each OTU 668 
(Wang et al., 2007). Taxa were assigned using the PR2 database (Guillou et al., 2013). OTUs 669 
that were left unassigned as well as OTUs that were identified as non-microbial eukaryotes (e.g., 670 
archaeal, bacterial and metazoan sequences) were removed from the data set. Each sample was 671 
normalized to its sequence total, OTUs appearing at less than 0.01% relative abundance across 672 
the entire data set were removed in order to minimize spurious sequencing products, and the 673 
samples were renormalized. At this point, two data sets were generated and explored further 674 
using multivariate approaches. One data set included all microbial eukaryotic OTUs (98% OTU 675 
clustering; referred to throughout the text as iTAG-OTU) and the other data set included class 676 
level data for each sample (referred to throughout the text as iTAG-L4; note class level is also 677 
referred to as the fourth level of rank in the recent classification of microbial eukaryotes by Adl 678 
et al., 2005, 2012). Due to the short length of the V9 region and sequence similarity used for 679 
taxonomic assignments (90%), for reliability we only assigned taxonomic labels to the class 680 
level. Furthermore, since T-RFLP resolves taxonomic differences at approximately the class 681 A
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level (see supplemental material for more details), this level of taxonomic clustering provides the 682 
best comparison between the T-RFLP and iTAG data sets. However, all multidimensional 683 
analyses were done on both the iTAG-OTU and iTAG-L4 data. For alpha diversity calculations 684 
[Richness (S) and Shannon Diversity (H’)], each sample was rarefied to equal depth (661 685 
sequences) to account for variations in sampling effort.  686 
 687 
Multivariate Analysis 688 
In order to compare microbial eukaryotic community composition among samples, we 689 
used a series of multidimensional analyses. All statistical analyses were performed in PRIMER 690 
v6 with PERMANOVA+ add-on software (PRIMER-E Ltd.). Bray-Curtis similarity was used as 691 
the resemblance measure on fourth-root-transformed data. Nonmetric multidimensional scaling 692 
(MDS) was used to visualize the microbial eukaryotic community composition data. Analysis of 693 
similarities (ANOSIM) was used to determine the significance of between-group differences in 694 
community structure (i.e., region [north vs. south], substrate [sediment vs. carbonate], habitat 695 
[carbonates, microbial mats, clam beds and inactive sediments], activity [inactive vs. active], 696 
sediment depth, and sulfide concentration). In order to examine the significance of sulfide 697 
concentration on microbial eukaryotic composition and diversity, samples were binned into 698 
sulfide ranges: 0, 0-3, 3-6, 6-9, 9-12, 12-15, >15 mM of sulfide. SIMPER was used to determine 699 
if the individual taxonomic groups were associated with the overall (dis)similarity between 700 
samples or within groups. Model 1 linear regression analysis was used to analyze relationships 701 
between microbial eukaryotic diversity (richness) and environmental variables. 702 
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Table and Figure Legends 1054 
Table 1. p-values and R values derived from ANOSIMS tests across a range of sample sets and 1055 
environmental variables. The variables include the following comparisons: Substrate Type 1056 
(carbonates vs. sediment), Habitat Type (active carbonates, low activity carbonates, clam bed 1057 
sediments, microbial mat sediments, low activity sediments), Activity (active vs. low activity), 1058 
Depth (sediment horizons in 3 cm intervals), Sulfide (sulfide concentration in 3 mM sulfide 1059 
bins). TAG data refers to the iTAG-L4 data set. ANOSIMS results for the iTAG-OTU data set 1060 
can be found in the supplemental material (Table S2). The values highlighted in bold and shaded 1061 
grey are statistically significant (P < 0.05). 1062 
Table 2. Diversity indices for the microbial eukaryotic community in microbial mat, clam bed 1063 
and low activity sediment cores from North (n = 7) and South (n =5) Hydrate Ridge across all 1064 
three datasets of recovered 18S rRNA genes (T-RFLP, iTAG-OTU and iTAG-L4). Average 1065 
richness (# of fragments, # of OTUs and number of classes, respectively for each dataset) and 1066 
Shannon Diversity (H’) with standard deviations are given for each sediment depth horizon 1067 
across all of the data sets.  1068 
Table 3. Diversity indices for the microbial eukaryotic community in carbonates from North (n = 1069 
11) and South (n = 3) Hydrate Ridge from both iTAG data sets. Average richness (# of OTUs 1070 
and number of classes, respectively for each dataset) and Shannon Diversity (H’) with standard 1071 
deviations are given for carbonates recovered from both active and low activity seep sites.  1072 
Figure 1. Map showing sampling areas (black squares) from North and South Hydrate Ridge (A) 1073 
with contours every 50 m and labeled contours every 200 m. Zoomed in grids of the north (B) 1074 A
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and south (c) regions; locations were active sediments (microbial mat and clam cores; open 1075 
triangles), low activity sediments (reference cores; black triangles), active carbonates (open 1076 
circles) and low activity carbonates (closed circles) were collected. Units are in latitude and 1077 
longitude. The regional map (A) was created with GMT (Generic Mapping Tools; 1078 
http://gmt.soest.hawaii.edu/projects/gmt) using bathymetric data from NOAA's US Coastal 1079 
Relief Model (Pacific Northwest), which is a 3 arc-second resolution digital elevation model 1080 
(http://www.ngdc.noaa.gov/mgg/coastal/grddas08/grddas08.htm) 1081 
Figure 2.  Average concentration of hydrogen sulfide (sold line) and sulfate (dashed line) with 1082 
depth below microbial mats (n=5; left), clam beds (n=4; middle) and low activity sediments 1083 
(n=3; right) from Hydrate Ridge.  1084 
Figure 3. Maximum-likelihood tree of 18S rRNA gene ciliate sequences (Super-group = SAR, 1085 
Superphylum = Alveolata, Phylum = Ciliophora) from a representative microbial mat core and 1086 
selected sequences from environmental surveys and cultures. Tree was constructed using 1087 
RAxML 7.2.8 with 1000 rapid bootstrap inferences and GTRGAMMA rate approximation. 1088 
Bootstrap probabilities are shown for nodes with support greater than 50%. Numbers in 1089 
parentheses indicate the number of clones recovered from 0-3, 3-6 and 6-9 cm depth horizons 1090 
respectively. Scale bar represents 0.3 substitutions per site. 1091 
Figure 4. (A) Percent contribution of 18S rRNA gene sequences (grouped by class) from clone 1092 
libraries associated with the 0-3 cm , 3-6 cm, and 6-9 cm depth horizons in a microbial mat core 1093 
from North HR. The corresponding sulfide ranges for each depth are given. (B) The relative 1094 
abundance of ciliate classes in relationship to sulfide concentration from iTAG data across all 1095 A
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sediment samples (i.e., all habitats and all sediment depths). The relative abundance represents 1096 
an average of all sequences within a ciliate class from all samples within each sulfide range. 1097 
Figure 5. Two-dimensional MDS plot visualizing the relationship of microbial eukaryotic 1098 
composition across all habitats by class from the iTAG-L4 dataset. Each point represents 1099 
sequences recovered from a 3-cm thick sediment interval or a carbonate rock. Open and filled 1100 
symbols indicate activity level and the shape of the symbol indicates substrate type. Ellipses of 1101 
standard deviation are shown for the data grouped by substrate type and the arrow indicates how 1102 
the data are separated by activity. Note - active sediments include both microbial mat and clam 1103 
bed sediments.  1104 
Figure 6. Two-dimensional MDS plot visualizing the relationship of microbial eukaryotic 1105 
composition across all sediments in both the iTAG-L4 (A) and T-RFLP (B) datasets. Each point 1106 
represents sequences recovered from a 3-cm thick sediment interval. Symbols are color coded by 1107 
habitat (e.g., microbial mat, clam bed or low activity sediments). The size of the symbol 1108 
represents the sulfide concentration (mM) measured in that sediment horizon. The outline color 1109 
indicates whether those cores were collected from North or South Hydrate Ridge. 1110 
Figure 7. Relative abundance of a subset of microbial eukaryotes grouped by class from the 1111 
iTAG-L4 dataset across all samples. See Fig. S4 for relative abundance of all taxa. The size of 1112 
the symbol represents the relative abundance of that group within the entire microbial eukaryotic 1113 
community and the color of the symbol indicates habitat type. In some cases class level has been 1114 
designated as the prior rank followed by ‘_X’ because there is not always agreement between 1115 
experts at a given rank for some groups (see http://ssu-rrna.org/pr2 for more details on naming 1116 
conventions). 1117 A
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Figure 8. Relationship between richness and sulfide concentration for all three data sets. 1118 
Richness refers to the # of peaks (T-RFLP), number of microbial eukaryotic classes (TAG-L4), 1119 
or number of OTUs (TAG-OTU) depending on the data set from which it was derived. Each 1120 
point represents the average richness within a particular habitat and sulfide range. For example, 1121 
all microbial mat cores within a particular sulfide range were averaged together. The error bars 1122 
represent standard error. Closed symbols = HR North, open symbols = HR South.  1123 
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(B)	  
(A)	  
Sulﬁde	  range	  choices	  for	  clone	  library	  
	  
0-­‐3	  and	  3-­‐6	  were	  from	  18	  4632	  in	  2010	  
Sulﬁde	  concentra?ons	  were	  6.7	  and	  7.6.	  
The	  6-­‐9	  cm	  horizon	  in	  this	  core	  was	  10.1.	  	  
	  
	  
E343	  –	  was	  the	  core	  from	  North	  HR	  the	  6-­‐9	  
cm	  clone	  library	  was	  from.	  	  
	  
The	  sulﬁde	  for	  this	  core	  was	  	  
5.38,	  11.19	  and	  10.81.	  	  
	  
So	  …	  I	  decided	  to	  put	  the	  0-­‐3cm	  in	  the	  3-­‐6	  
range	  since	  it’s	  close	  to	  that	  range	  and	  
seems	  to	  represent	  a	  shallower	  community	  
like	  we	  measured	  in	  the	  2011	  cruise	  …	  	  
And	  then	  I	  went	  with	  the	  2010	  for	  the	  3-­‐6	  
depth	  and	  the	  2011	  for	  the	  6-­‐9	  cm	  depth.	  	  

(B)	  T-­‐RFLP	  
(A)	  iTAG-­‐L4	  
Stress	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TAG TRFLP TAG TRFLP TAG TRFLP TAG TRFLP TAG TRFLP TAG TRFLP
Global R 0.07 -- 0.44 -- 0.4 -- 0.3 -- -- -- -- --
p-value 0.09 -- 0.001 -- 0.001 -- 0.001 -- -- -- -- --
Global R 0.3 -- -- -- -- -- 0.2 -- -- -- -- --
p-value 0.06 -- -- -- -- -- 0.04 -- -- -- -- --
Global R 0.2 0.1 -- -- 0.2 0.3 0.5 0.5 0.2 0.1 0.4 0.4
p-value 0.01 0.04 -- -- 0.001 0.001 0.001 0.001 0.01 0.02 0.001 0.001
Global R 0.2 0.2 -- -- 0.02 0.04 -- -- 0.3 0.3 0.3 0.3
p-value 0.006 0.001 -- -- 0.4 0.3 -- -- 0.004 0.001 0.009 0.001
Global R -0.06 -0.1 -- -- -- -- -- -- -0.12 -0.05 -- --
p-value 0.6 0.7 -- -- -- -- -- -- 0.7 0.6 -- --
Global R 0.6 0.08 -- -- -- -- -- -- 0.2 0.1 0.3 0.3
p-value 0.01 0.4 -- -- -- -- -- -- 0.1 0.2 0.1 0.1
Global R 0.3 0.5 -- -- -- -- -- -- 0.2 0.3 0.5 0.5
p-value 0.04 0.001 -- -- -- -- -- -- 0.1 0.01 0.001 0.003
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Environmental Groupings
Clam Beds
Microbial Mats
SulfideActivity
All Sediments
Active Sediments
Low Activity 
Sediments
All Habitats
Substrate TypeRegion Habitat Type Depth
All Carbonates
Metric North South North South North South
0-3 cm Richness 51.5 ± 3.5 60 ± 3.6 47 ± 5.2 59 50 ± 12.7 72
H'(loge) 3.9 ± 0.07 4.0 ± 0.05 3.8 ± 0.1 4 3.8 ± 0.3 4.2
3-6 cm Richness 50 ± 12.7 56 ± 4.3 44.6 ± 1.5 53 38.5 ± 23.2 48
H'(loge) 3.9 ± 0.3 3.9 ± 0.07 3.7 ± 0.03 3.9 3.5 ± 0.6 3.8
6.9 cm Richness 42 ± 17 45.6 ± 20.6 48 ± 10.6 32 76 61
H'(loge) 3.6 ± 0.4 3.7 ± 0.5 3.8 ± 0.2 3.4 4.3 4.1
0-3 cm Richness 31.5 ± 2.1 31.7 ± 4.5 29.3 ± 7.6 32 33 ± 1.4 38
H'(loge) 2.4 ± 0.04 2.06 ± 0.4 1.9 ± 0.4 2.4 2.4 ± 0.4 2.6
3-6 cm Richness 29.5 ± 3.5 31 ± 4.4 32 ± 5.7 28 33.5 ± 6.4 37
H'(loge) 2.4 ± 0.2 2.4 ± 0.2 2.1 ± 0.3 2.1 2.4 ± 0.06 2.7
6-9 cm Richness -- 30 ± 5.7 30 29 37 40
H'(loge) -- 2.2 ± 0.2 2.2 2.4 2.3 2.7
0-3 cm Richness 108 ± 18.4 109 ± 21.7 119.6 ± 25.8 111 98.5 ± 7.8 150
H'(loge) 3.7 ± 0.3 3.1 ± 0.9 3.7 ± 0.4 3.7 3.6 ± 0.3 4.1
3-6 cm Richness 95 ± 49.5 99 ± 6.2 110 ± 18.4 91 98 ± 26.9 127
H'(loge) 3.4 ± 0.8 3.6 ± 0.5 3.7 ± 0.06 3.06 3.6 ± 0.5 4.2
6.9 cm Richness -- 101.5 ± 2.1 87 79 128 123
H'(loge) -- 3.5 ± 0.08 3.5 3.6 3.9 3.9
T
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G
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Low ActivityMicrobial Mat Clam Bed
T
R
F
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T
A
G
-L
4
Metric North South
Active Richness 29.1 ± 2.4 30 ± 7.1
H'(loge) 2.4 ± 0.1 2.4 ± 0.1
Low Richness 34.3 ± 5.8 40
Activity H'(loge) 2.5 ± 0.3 2.5
Active Richness 93.3 ± 25.5 88 ± 7.1
H'(loge) 3.4 ± 0.4 3.4 ± 0.2
Low Richness 113.6 ± 22.8 117
Activity H'(loge) 3.7 ± 0.4 3.8
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